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Abstract
The bound neutron β-decay(BOB) into a hydrogen atom and an electron antineutrino is investigated. The hyperﬁne-
state population of the monoenergetic hydrogen atoms yields the neutrino left-handedness or a possible right-handed
admixture and possible small scalar and tensor contributions to the weak force. The BOB H(2s) hyperﬁne states are
separated with a Lamb shift spin ﬁlter. The H(2s) atoms are detected either by quenching yielding Lyman-α pho-
tons, or ionizing or charge exchanging into protons and H−, respectively. A ﬁrst experiment is planned at the FRM2
high thermal neutron ﬂux beam reactor SR6 through-going beam pipe. The neutron and γ ray background suppression
with absorbing traps between SR6 and the experiment has been simulated using MCNP4 and GEANT4. The Lyman-α
photon background produced by protons hitting the vacuum chamber wall was measured in a mockup setup.
Keywords: Weak Interaction, Scalar and Tensor Coupling Constants, Antineutrino Helicity
PACS: 13.30.Ce, 14.20.Dh
1. Introduction
The neutron decay is for many years subject of intense studies, as it reveals detailed information about the structure
of the weak interaction. Using the two-body neutron β-decay into a hydrogen atom (H) and an electron antineutrino
(ν¯)
n→ H + ν¯ (1)
the hyperﬁne population of the emerging hydrogen atom can be investigated [1]. The challenge lies in the very small
branching ratio BR = 4 ·10−6 of the total neutron β-decay rate. Hydrogen atoms from this decay have 325.7 eV kinetic
energy corresponding to β = v/c = 0.83 · 10−3. Only states with zero angular momentum in the hydrogen atom are
populated, the 1s and the metastable 2s with 83.2% and 10.4% probability, respectively.
According to [2]-[3] for a purely left-handed V-A interaction three hydrogen hyperﬁne spin states associated with
the antineutrino helicity Hν¯ =1 exist with populations depending only on one variable χ = (1 + gS )/(λ − 2gT ), λ =
gA/gV = −1.2695 ± .0029 [4]. gA, gV , gS , gT are the axial, vector, scalar and tensor coupling constants. Thus, by
measuring the three spin state populations, a combination of gS and gT can be obtained. A fourth spin state can only
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Figure 1: Sketch of the experimental setup for measuring hydrogen atoms from neutron bound β-decay at an intense neutron source.
be populated by the emission of right-handed neutrinos resulting in Hν¯ < 1. Thus, by measuring this spin state,
beyond Standard Model quantities, as the V+A model η and ζ are obtained [5]. η is the mass ratio squared of two
intermediate charged vector bosons and ζ the boson mass eigenstate mixing angle.
2. Experiment
At an intense thermal neutron source through-going beam tube, e. g., at the FRM2 SR6 with 1.4·1014 neutrons/(cm2s
maximum ﬂux (ﬁg. 1), a 3 s−1 background free bound β-decay rate can be obtained at the SR6 beam tube downstream
exit. The small axial 
B1 ﬁeld keeps the initial H(2s) spin conﬁguration. The three-body neutron β-decay protons and
electrons are deﬂected by the transverse magnetic ﬁeld B2 into a Faraday cup and shielded from the H(2s) measuring
device. Other charged and neutral particles moving in transverse directions are suppressed by diaphragm absorbers
on both sides of the through-going beam pipe. One of the four metastable H(2s) hyperﬁne state atoms are selected by
a Lamb shift spin ﬁlter and subsequently excited to a Rydberg state within two crossed perpendicular curved mirror
laser resonators and ionized by an axial 
E ﬁeld by means of which the resulting protons are accelerated and focused
by the transverse 
B4 ﬁeld(magnet with wedges) onto a detector [6].
In a ﬁrst experiment, the bound β-decay H(2s) atom yield is obtained by quenching the H(2s) atoms with an
axial 
E ﬁeld and measuring the resulting Lyman-α photons. Alternatively, the H(2s) atoms after the spin ﬁlter are
charge exchanged into H− within a 1 mbar Ar cell, selected from H− produced by H(1s) by an axial counter 
E ﬁeld,
accelerated by another axial 
E and focused by 
B4 onto a detector.
In ﬁg. 2 the BOB setup at FRM2 is sketched [7], [8] showing the SR6 pipe with two plugs at both ends, an array
of neutron and γ ray absorbing traps, two closing shutter valves, two iron pole magnets and H(2s) calibration and
measuring equipment.
The traps consist of a wide vacuum tube with an array of small oriﬁce diaphragms inserted. The vacuum tube acts
as a second FRM2 safety barrier being closed at a sudden vacuum break by the two shutter valves.
In order to study in principle the neutron and γ ray suppression using traps, i. e., large empty volumes with small
entrance and exit oriﬁces, where neutrons with large angles towards the axis are scattered at surfaces distant from
the axis, the neutron and γ ray shielding action of two very wide traps (ﬁg. 3) was calculated in a ﬁrst GEANT4
simulation with the SR6 vector neutron ﬂux at the downstream plug entrance, being obtained using MCNP4, as an
input. Each trap consists of a 1 m wide and 0.5 m long hollow cylinder with Gd coated walls. Both traps are connected
by a 0.14 m inner diameter, 7.7 m long, 5 mm wall thickness Al vacuum tube. Fig. 4 shows the γ ray shielding of the
traps, where all γ’s after neutron absorption in Gd move only radially. Therefore, in order to suppress the background
coming from the SR6 beampipe, the vacuum tube and the traps must be shielded radially.
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Figure 2: Sketch of the experimental setup for measuring H(2s) hydrogen atoms from neutron bound β-decay at the FRM2 SR6 beamtube with
each, a shutter valve, a transverse B2=25 Gauss magnetic ﬁeld, neutron and γ absorbing traps on the up and downstream sides and the downstream
H(2s) measuring apparatus. The 250 mm inner diameter vacuum tubes are surrounded by layers of B2O3 containing polyethylen and iron. The
diaphragms on both sides of the SR6 pipe consist each of two 5 mm thick Gadolinium sheets and one 5mm lead sheet. The diaphragm diameters
decrease from 13 cm upstream to 6 cm downstream at the measuring device entrance. The space between the wide vacuum tube and two small
aperture diaphragms is considered as a trap.
Figure 3: Two traps geometry used for a principle GEANT4 study input. The position of the SR6 downstream plug is on the left side at the ﬁrst
trap entrance with part of the beamline being surrounded by light water(blue) and concrete(gray).
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Figure 4: Calculated γ trajectories projected onto a plane through the axis using GEANT4 for the ﬁg. 3 trap geometry and the SR6 neutron ﬂux at
the downstream plug entrance
Using GEANT4, neutron, γ and bound β H atom rates along the vacuum tube after the SR6 pipe have been
calculated with a realistic trap system(ﬁg. 2) consisting of diaphragms ﬁxed at the tube entrance(A1) and exit(A3)
and the position of a third one (A2) varied. The distribution of each rate for diﬀerent A2 positions is nearly equal
suggesting that three diaphragms are still insuﬃcient to keep the H rate large at A3 and suppress neutrons and γ’s. A
diﬀerent shielding, perhaps with more diaphragms, is needed. Furthermore, the H atoms can be focused using a weak
magnetic sextupole ﬁeld, thus, separating them from neutrons and γ’s.
In a ﬁrst experiment, the bound β-decay H(2s) atom yield is obtained by quenching the H(2s) atoms with an axial
E ﬁeld and measuring the resulting Lyman-α photons with a channeltron type detector or a solar blind photo multiplier
positioned around the axial E. In order to study the background Lyman-α rays produced by the three-body β-decay
protons, a mock-up experiment outside a neutron facility was set up, where H(2s) atoms were produced by hitting a
target, and Lyman-α photons were either obtained by quenching the H(2s) with an electric ﬁeld (ﬁg. 6a) or with a
magnetic ﬁeld(ﬁg. 6b).
In the ﬁg. 6a experiment a proton current Ip = 0.3 mA of 546 eV protons from a plasma source(PS) hits after a
90o deﬂection by a B = 75 Gauss magnetic ﬁeld(magnet coil current Imag = 0.96 A, relative permeability μr = 350 [9])
a copper Faraday cup(FC). The produced backscattered H(2s) atoms are quenched within the electric ﬁeld(87 V/cm)
of a tube lens(QL), and the resulting Lyman-α photons are measured by a solar blind photo multiplier(PM) on top of
QL. In ﬁg. 7 the PM current IPM vs. time is shown, where QL and PS are switched on and oﬀ.
IPM is given by IPM = RPM · Q˙Ph with Q˙Ph = ˙NPh · EPh, ˙NPh = ˙NH(2s) · APM/(4πr2PM QL) and
˙NH(2s) = f1 ·RPM ·AQL/(4πr2QL FC), where RPM = 12 mA/W is the PM(Hamamatsu R1459) radiant cathode sensitivity,
Q˙Ph the Lyman-α photon power transferred to the PM, ˙NPh the photon rate, EPh the photon energy(λ = 121 nm), ˙NH(2s)
the H(2s) rate, APM the PM area(25 mm diameter), rPM QL = 10 cm the distance between QL and PM, f1 a leakage
factor of Lyman-α photons scattered at the vacuum chamber wall, thus, going into the PM, although they are outside
of the ray optical solid angle, N˙p the proton rate, AQL the QL area(40 mm diameter) and rQL FC = 10 cm the distance
between FC and QL yielding f1 = 139. I. e., by 546 eV protons impinging on a Cu target many H(2s) atoms are
produced which are backscattered and quenched as well by the QL as by the B ﬁeld. The photons generated by the B
ﬁeld quenched H(2s) are scattered from a large area into the PM making the large f1 understandable. Assuming that
the H(2s) atoms have about the proton velocity, i. e., v/c = 1.08 · 10−3, the B ﬁeld quenching due to the correlated
relativistic electric 
E′ = γ(
v × 
B) ﬁeld in the moving H(2s) atom system results to be E’ = 24.3 V/cm being larger
than the necessary ca. 10 V/cm ﬁeld.
In the ﬁg. 6b experiment the 546 eV protons(Ip = 0.38 mA) are deﬂected ﬁrst by 17o(Imag = 0.77 A, relative
permeability μr = 135, B = 23.3 Gauss), miss the FC and hit the vacuum chamber wall producing H(s) atoms. The
relativistic electric ﬁeld for H(2s) atoms of the proton velocity is E’ = 7.5 V/cm being too small for H(2s) quenching
and Lyman-α photon production resulting in IPM = 0 (ﬁg. 8). At Imag = 0.96 A(B = 75 Gauss, E’ = 24.3 V/cm)
the protons hit the FC yielding the largest solid angle for backscattered H(2s) which are quenched by the B ﬁeld
producing the maximum amount of photons detected by the PM opposite to the FC. By raising the magnet current and
ﬁeld further to Imag = 1.11 A, B = 160 Gauss, the protons miss the FC again and hit the vacuum chamber, where the
solid angle for photons reaching the PM is reduced, thus, decreasing IPM .
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Figure 5: Normalized neutron(black), γ(blue) and H atom(red) rates at the vacuum tube exit A3(radius r3 = 3 cm) diaphragm vs. L. The real rates
are obtained by multiplying the normalized rates by 2.5 · 108, 3.3 · 107 and 1.3 · 10−1, respectively. The diaphragm A1 (r1 = 5 cm) is at the tube
entrance, A2 (r2 = |−(r3 + r1) · z/l + r1 |, z being the coordinate along the vacuum tube) is between A1 and A3. l = 15 m is the vacuum tube length
and L the distance between A3 and A2, respectively.
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Figure 6: Sketch of the mockup setup for producing H(2s) atoms by protons hitting a target. The H(2s) atoms are quenched with an E ﬁeld(a) or a
B ﬁeld(b). The resulting Lyman-α photons are measured with a solar blind photo multiplier.
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Figure 7: Oscilloscope screen shot. x: 1s/division, y: 50 mV/division, 1 MΩ input resistance. Photo multiplier(PM) current vs. time for setup 6a.
Proton source(PS) on, electric quenching lens(QL) ﬁeld on(54 V/cm): PM current IPM = -200 nA. PS on, QL oﬀ: IPM = 0. PS on, QL on: IPM
declining due to the QL capacitance from -150 nA to -200 nA. PS oﬀ, QL on: IPM = 0. PS on, QL on: IPM = -200 nA.
Figure 8: Oscilloscope screen shot. x: 1s/division, y: 10 mV/division, 1 MΩ input resistance. Photo multiplier current IPM vs. time for setup 6b.
Magnet current Imag = 0.77 A, IPM = 0. Imag increasing to 0.96 A, IPM rises to -50 nA. Imag increasing further to 1.11 A, IPM decreases by 15 nA.
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IPM can be written
IPM = f2 RPM  c Ip A2mag/(8π λq r
2
mag FC r
2
PM mag)
yielding f2 = 44 with IPM = 50 nA, Amag = 318 cm2, rmag FC = 0.57 m and rPM mag = 0.96 m.
3. Summary and Conclusions
According to GEANT4 neutron and H atom rate calculations at the downstream vacuum tube exit with one di-
aphragm each on both tube ends, the thermal neutron ﬂux is reduced by a factor of 1.6 · 107 in comparison to the
SR6 center ﬂux, and the H atom rate by a factor 23 compared to the tube entrance value. I. e., by means of the
two diaphragms vacuum tube the neutron ﬂux is suppressed appreciably keeping the bound β-decay H atoms at an
acceptable level. This is due to the through-going beam line property, where for missing scattering objects at the axis
the number of neutrons at the axis with small angles towards the axis is zero. The neutrons at the SR6 axis have large
angles and are, therefore, largely reduced by the downstream diaphragms.
Further MCNP4 calculations of the SR6 thermal neutron ﬂux with the SR6 upstream plug opened and an additional
upstream vacuum chamber attached(ﬁg. 2) with increasingly larger diameter diaphragms and a neutron absorber at
the end are being done yielding a more realistic GEANT4 neutron ﬂux input at the downstream vacuum chamber
entrance and presumably an even larger neutron ﬂux suppression at the experiment entrance.
Calculations with more than three diaphragms with various apertures in the downstream chamber are being done
to disentangle the H and neutron rates, i. e., keep the chamber exit H and neutron rates large and small, respectively.
In order to prevent H(2s) production by protons hitting the vacuum chamber wall and subsequent quenching, as
shown in the mockup experiments(ﬁgs. 6-8), various wall coating materials, e. g., carbon, are being tested. Only a 25
Gauss magnetic ﬁeld(ﬁg. 8) will be applied in the downstream vacuum chamber for deﬂecting the three-body β-decay
protons and electrons away from the experiment into Faraday cups without quenching the bound β-decay H(2s).
In a next step bound β-decay H(2s) atoms are planned to be measured at a high ﬂux beam reactor, e. g., at the
FRM2, by Lyman-α and H− detection. Finally, the H(2s) spin state population will be obtained using a spin ﬁlter and
the above mentioned measuring techniques and, alternatively, the observation of ﬁeld ionized protons produced by
exciting the H(2s) atoms within two laser resonators and an accelerating E ﬁeld. This will be done at a reactor with
an even larger ﬂux, e. g., at ILL.
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